A pedophilic disorder is characterised by abnormal sexual urges towards prepubescent children. Child abusive behavior is frequently a result of lack of behavioral inhibition and current treatment options entail, next to suppressing unchangeable sexual orientation, measures to increase cognitive and attentional control. We tested, if in brain regions subserving attentional control of behavior and perception of salient stimuli, such inhibition deficit can be observed also on the level of inhibitory neurotransmitters. We measured GABA concentration in the dorsal anterior cingulate cortex (dACC) and in a control region, the pregenual anterior cingulate cortex (pgACC) in pedophilic sex offenders (N = 13) and matched controls (N = 13) using a 7 Tesla STEAM magnetic resonance spectroscopy (MRS). In dACC but not in the control region pedophilic sex offenders showed reduced GABA/Cr concentrations compared to healthy controls. The reduction was robust after controlling for potential influence of age and gray matter proportion within the MRS voxel (p < 0.04). Importantly, reduced GABA/Cr in patients was correlated with lower self-control measured with the Barratt Impulsiveness Scale (p = 0.028, r = −0.689). In a region related to cognitive control and salience mapping, pedophilic sex offenders showed reduction of the inhibitory neurotransmitter GABA which may be seen as a neuronal correlate of inhibition and behavioral control.
Introduction
According to the DSM-5 (American Psychiatric Association, 2013), a pedophilic sexual preference is a paraphilia characterized by an exclusive orientation towards children without experiencing distress about it. A pedophilic sexual preference can be distinguished from a pedophilic disorder. The latter can be diagnosed in pedophilic persons meeting the following criteria: (I) experiencing significant distress and impairment by intense sexually arousing fantasies and sexual urges, or (II) behaviors involving sexual activity with a prepubescent child or children, including child pornography consumption (American Psychiatric Association, 2013; Tenbergen et al., 2015) .
Although it is a disorder of high public concern, little is currently known about its underlying neurobiology such as the influence of specific neurotransmitter patterns in the human brain.
Neurobehavioral models of pedophilia and pedophilic disorder attempting to explain child abusive behavior suggested inhibition-related behavioral and neurofunctional alterations leading to inappropriate behavioral control. Structural and functional differences of pedophilic men with a history of child sexual offending were depicted in the prefrontal cortex (Mohnke et al., 2014) . Altogether, there is evidence that inhibitory dysfunction in the prefrontal cortex may be linked to sexual attraction towards children. Reported deficits in executive function and response inhibition in pedophilic sex offenders support this assumption (Eastvold et al., 2011; Schiffer and Vonlaufen, 2011; Massau et al., 2017) .
Recent imaging studies tried to determine neuronal correlates of sexual preference in pedophilia and pedophilic disorder. FMRI studies revealed dysfunctions at cognitive stages of sexual arousal processing in frontotemporal brain regions that are essential for salience processing and behavioral control (Mohnke et al., 2014; Schiffer et al., 2008a) .
Within the neurophenomenological model of sexual arousal, a model attempting to explain functions and interactions of different brain regions typically activated when exposed to sexual stimuli (Redouté et al., 2000; Stoléru et al., 1999) , the anterior cingulate cortex is described as an important hub of sexual processing. It is mainly involved in inhibitory processes and preparational aspects such as motivation and physiological reactions.
Brain regions involved in response inhibition have been studied extensively in other populations. Neurobiological aspects of response inhibition and impulsivity were assessed using go/nogo paradigms. Poor task performance during response inhibition was found during response inhibition in samples showing impulsive behavior such as attention-deficit/hyperactivity disorder (ADHD), borderline personality disorder, antisocial personality disorder or drug addiction (Verbruggen and Logan, 2008) . Impaired response inhibition was associated with disruptions in frontal brain areas like the dorsal anterior cingulate cortex (dACC) and the basal ganglia (Eagle et al., 2008; Kargel et al., 2017) . Accordingly, impaired inhibition leading to disrupted frontal brain activity was also found in pedophilic disorder. It was reported that pedophilic men who had never molested children displayed stronger activity in brain regions associated with inhibitory control compared to pedophilic men with a history of child sexual offending (Kargel et al., 2017) .
There is some evidence that pedophilia and obsessive compulsive spectrum disorders (OCD) show phenomenological (Bradford, 1999) as well as etiological overlap as reflected for instance by similar pattern of brain structural deficiencies (Schiffer et al., 2007) . ADHD is another highly comorbid clinical condition in pedophilia which may further sexual disinhibition and therefore has been discussed as an important vulnerability factor to sexual delinquency (Blocher et al., 2001; Kafka, 2012) .
On the neuronal level inhibition processes are carried out through neurotransmitters with γ-aminobutyric acid (GABA) as the main inhibitory neurotransmitter. Lower GABA concentrations were linked to ADHD (Ende et al., 2016; Edden et al., 2012) as well as to OCD (Simpson et al., 2012) . Reduced GABA levels in ACC subsequently predicted higher scores on self-reported impulsivity (Ende et al., 2016) . Among a wide variety of methods studying GABAergic brain processes, the only technique that allows direct, non-invasive detection of endogenous GABA in vivo, is magnetic resonance spectroscopy (MRS). Within the field of cognitive neurosciences there is strong interest in studying the role of GABA as it relates to the inhibition-dependent cognitive processes. GABAergic processes have been described in the context of various neurologic and psychiatric conditions, including epilepsy, mood disorders, motor disorders, alcoholism and drug addiction (Schur et al., 2016; Levy and Degnan, 2013) . No study so far investigated inhibitory metabolites in pedophilia. Detecting GABA at low-field strengths is difficult, due to overlap with signal from other metabolites. Measuring with editing sequences e.g. JPRESS or MEGA Press, takes very long time per voxel and thus makes it difficult to measure specific effects controlling for unspecific general changes in other regions. At 7 T, this is possible due to high signal-to-noise ratio (SNR) and good spectral resolution for accurate metabolite quantification.
Based on previous reports, we assessed whether in the dorsal anterior cingulate cortex (dACC), a frontal brain region subserving attentional control of behavior and perception of salient stimuli, presumed dysfunctions in GABAergic metabolism linked to actual abusive behavior in pedophilic sex offenders. With regard to our hypothesis focusing on inhibitory control and attention modulation dACC was selected as the representative region over other brain regions that were described in the context of pedophilia, for instance amygdala (Poeppl et al., 2011; Schiffer et al., 2008a; Schiffer et al., 2008b) .
Moreover, we wanted to examine whether GABAergic deficits in pedophilic patients with hands-on delinquency associated with behavioral response patterns including impulsivity and self-control, measured with German versions of the Barratt Impulsiveness Scale (Patton et al., 1995) and the German ADHD Self-Report Scale (ADHS-SB; Rösler et al., 2008) .
We hypothesized that pedophilic patients with a history of child sexual offending are characterised by a behavioral inhibition deficit since they could not refrain from their sexual drives and may hence not be in full control of their impulses. In order not to mix subgroups of pedophilic subtypes, previous child sex offending was defined as an inclusion criterion for the patient group to be fulfilled.
Methods

Participants
Participants of the study were assessed within the framework of a German multi-site research project called "Neural Mechanisms Underlying Pedophilia and Sexual Offending Against Children" (NeMUP; www.nemup.de) comprising five collaborative research sites from the field of forensic psychiatry or sexual medicine located in Berlin, Bochum/Essen, Hanover, Kiel and Magdeburg.
The group of pedophilic patients included 13 males fulfilling the diagnostic criteria for a pedophilic disorder according to DSM-5. Exclusion criteria were other prior psychiatric or neurological disorders. All patients had committed sexual offenses against children. The number of victims sexually assaulted by the offenders ranged from 1 to about 14 (mean = 5.3 ± 5.01). The majority of the patients were right-handed (N = 11) as assessed using the updated 15 item-index of the Edinburgh Handedness Inventory (Oldfield, 1971) . Patients, in part taking anti-androgen medication (N = 5), were recruited from the State Forensic Hospital Uchtspringe, Germany.
The control group was matched to the patient group for gender, group size, age and laterality index. In order to assess the participant's verbal and general intelligence the means of four subtests derived from the German version of the Wechsler Adult Intelligence Scale (4th Edition, WAIS; von Aster et al., 2006), were conducted. To calculate individual scores, subtests Similarities and Vocabulary from the verbal comprehension scale as well as Block Design and Matrix Reasoning from the perceptual reasoning scale were applied.
All volunteers completed the German Structured Clinical Interview (SCID) for DSM-IV-TR (Wittchen et al., 1997) , the German Hamilton Anxiety Rating Scale (HAM-A; Hamilton, 1959; CIPS, 1996) the German 21-item Hamilton Depression Scale (HAM-D; Hamilton, 1960) to ensure the absence of any psychiatric disorders. Furthermore, all participants completed the German versions of the Barratt Impulsiveness Scale (BIS; Patton et al., 1995) and the German ADHD Self-Report Scale (Rösler et al., 2008) . To determine the participants' personal body scheme age preference we applied the Tanner scales including photographs of the five Tanner stages (Seto, 2008) . We also assessed the victims' Tanner scales as well as the subjects' preferred Tanner stage with regard to sexual phantasies. In addition, part of the survey was to collect information about the subjects' consumption of child pornography and indicatives with normally dressed children and to record details about sexual activity with the victims, their prosecution and the judgment including sentence.
The study was approved by the local ethics advisory board of the Medical School, Otto-von-Guericke-University Magdeburg, and written informed consent was obtained from all participants.
Magnetic resonance image data acquisition
Magnetic resonance measurements were performed on a 7T MR scanner (Magnetom 7T, Siemens, Erlangen, Germany) with a 32-channel head array coil. All participants were measured on the same day of the week (Tuesday) at the same time (10-11 a.m.). After automated global shim, T1-weighted images were acquired for anatomical reference utilizing a Magnetized Prepared Rapid Gradient Echo sequence (MPRAGE, TE = 2.73 ms, TR = 2300 ms, TI = 1050 ms, flip angle = 5°, bandwidth = 150 Hz/pixel, acquisition matrix = 320 × 320 × 224, voxel size = 0.8 mm 3 ).
Magnetic resonance spectroscopy data acquisition and analysis
An optimized vendor-provided double-gradient echo shim technique for region-specific shimming was used for MRS-acquisition. To optimize the field homogeneity, localized shimming was performed using FASTMAP (Gruetter, 1993; Gruetter and Tkác, 2000) . Afterwards, single proton MRS spectra were acquired at rest for each participant in two different regions: (A) bilateral dACC 25 × 15 × 10 mm 3 = 3.75 ml and (B) bilateral pgACC 20 × 15 × 10 mm 3 = 3 ml (Fig. 1) . The bilateral voxel position followed the sagittal median line to maximize the coverage of the gray matter tissue. Considering the functional segregation within the cingulate cortex, we used the rostral part of the anterior cingulate cortex (pgACC), a brain region specialized for affective processes, as a control region (Steele and Lawrie, 2004; Mohanty et al., 2007) . Whereas the dACC is a region critical for cognitive inhibition processes and salience the pgACC as a part of the default mode network (DMN) has been implicated mainly in self-referential processes, e.g. emotion processing, mood regulation or the identification of affective internal states (Raichle et al., 2001; Fox et al., 2005; AndrewsHanna et al., 2010; Medford and Critchley, 2010; Horn et al., 2010) . Proton MRS data were acquired for both voxels using a stimulatedecho acquisition mode sequences (STEAM; van Zijl et al., 1989; Moonen et al., 1992) with the following parameters: 128 averages; TR = 3000 ms, TE = 20 ms, mixing time = 10 ms. The acquisition time added up to 8 min and 40 s for each voxel. After MRS measurements were completed subjects underwent additional fMRI task in the same scan session (duration = 14 min).
LC Model fitting software (Stephen Provencher, Inc., Oakville, ON, Canada, Version 6.3.0; Provencher, 1993) and the simulate basis set were used for the analysis of the acquired spectra. Nineteen different endogenous metabolite concentrations were measured in the stimulated basis set, previously described by Dou et al. (2013) . Signal-to-noise ratio (SNR) and Cramér-Rao Lower Bound (CRLB; Cavassila et al., 2001) were used as the quality criteria. Group analyses were performed with the data fulfilling the following quality criteria in both regions to indicate reliable spectral identification: (I) CRLBs < 20%, (II) fullwidth half-maximal (FWHM) of all spectra < 24 Hz, and (III) SNR > 20.
Since creatine has been described as a stable metabolite in healthy controls and an appropriate internal reference for measured metabolite concentrations, GABA values are reported as their relative amounts to creatine (Jansen et al., 2006) . Moreover, the GABA/Cr ratio showed the best reproducibility (Bogner et al., 2010) . There were no outliers in either sample ( ± 1.5 IQR). I. Ristow et al. NeuroImage: Clinical 18 (2018) 335-341 
Statistical analysis
To test for group differences of GABA/Cr ratio between patient and control group, firstly a one-way ANOVA controlling for age and gray matter content was done followed by a post-hoc t-test. Spearman correlation coefficients of GABA/Cr ratio with factor 'self-control' of the BIS-11 and ADHS-SB scores were calculated within the patient group. As a post-hoc exploratory analysis we divided our patient group in "low" and "high" GABA/Cr ratio subgroups by means of median split and compared their scores of the factor 'self-control' of the BIS-11 with Mann-Whitney U-test due to the small sample size. Statistical analyses were performed using SPSS (IBM SPSS Statistics for Windows, Version 20.0. IBM Corp.: Armonk, NY.). A two-tailed p-value < 0.05 was set as statistically significant. For exploratory correlation analyses, results were reported at an uncorrected level of two-tailed p-value < 0.05.
Results
Demographic data
Three patients and three healthy controls had to be excluded from the analysis since they did not meet all of our three criteria for sufficient quality spectra in both brain regions. Thus, the final sample size consisted of N = 20 (10 healthy controls, 10 patients). The demographics of the matched groups are described in Table 1 .
There were no significant differences between groups in age, handedness and IQ (Table 1 ). There were also no significant group differences for relative gray and white matter tissue composition in each MRS voxel (dACC p = 0.301, pgACC p = 0.773).
Patients exhibit lower GABA/Cr in the dACC
One-way ANOVA controlling for age and gray matter content revealed significant effect for group on dACC GABA levels (p = 0.040, F = 4.969, η 2 = 0.237). Posthoc t-test revealed that patients had significantly lower GABA/Cr (p = 0.026, t = −2.431). This was not the case for the control region in pgACC (p = 0.382, t = −0.898).
Comparing GABA/Cr scores between patients with and without pharmacological treatment t-test did not reveal any effect of pharmacological treatment (p = 0.190, t = 1.502).
Inhibitory metabolite negatively associates with psychological measurements of inhibition
A negative linear interdependence was ascertained by nonparametric correlations between GABA in the dACC and ADHS-SB (p = 0.014, r = −0.774) and for BIS-11 self-control (p = 0.028, r = −0.689; Fig. 2A, Fig. 3A) . Correlation analyses were also performed using GABA levels in control region pgACC. Results did not reveal any significant effects (Table 2) . Mann-Whitney U test between patients' high and low dACC-GABA revealed significantly higher scores for impulsivity (lack of self-control) measured by the 1st order factor 'self-control' of the BIS-11 (p = 0.031) and higher ADHS-SB scores (p = 0.009) in patients with low GABA (Fig. 2B, Fig. 3B ).
Discussion
Our findings provide the first evidence that those pedophilic patients who committed child sexual offending show lower GABA/Cr ratios than healthy controls. This was exclusively observed in the dACC, and not in the control region-pgACC. In line with previous MRS studies (Ende et al., 2016; Edden et al., 2012) , lower GABA concentrations in the anterior cingulate cortex, the primary somatosensory and motor cortices led to ADHD-like symptom reports reflected by impulsivity and lower self-control ratings which is consistent with the assumption of disrupted inhibition processes in pedophilic sex offenders.
We investigated the role of GABA in the dACC, a brain region that has been previously described as an important modulatory hub of cognitive control and salience network. It has been linked to executive control processes, salience processing and higher-order cognitive processes (Shackman et al., 2011) . DACC was furthermore reported as a region where information about reinforcers is connected to motor centers that are crucial for expressing affect and executing or inhibiting goal-directed behavior (Agam et al., 2010) , as well as to reward based decision making (Bush et al., 2002) . The functional specificity of the subregions of the cingulate cortex might explain why associations for the ADHS-SB and the factor 'self-control' of BIS-11 were found for the dACC GABA/Cr levels and not for the pgACC GABA/Cr levels.
FMRI studies investigating neural correlates of attention-deficit/ hyperactivity disorder (ADHD) studies have identified the dACC and other structures, comprising the cognitive control and attention network (Bush, 2011; Uddin et al., 2008; Castellanos et al., 2008; Dickstein et al., 2006) , as loci of dysfunctions.
GABAergic deficits and its importance for functional alterations in the ACC have been investigated using task fMRI. It has been shown that high GABA concentrations in healthy controls predict larger negative BOLD changes in the anterior cingulate cortex (Northoff et al., 2007) . Lower GABA levels, mediating neuronal inhibition, might consequentially increase neural activity in the dACC through disinhibition of glutamatergic neurons and desynchronized neural activity (Coyle et al., 2012) . Inability to tune out dACC or fine modulate functional regional response could thus lead to poor self-control, as measured with the questionnaires. Association between MRS concentration and BOLD effects could further be established for functional connectivity. Horn et al., 2010, were the first to demonstrate a correlation between local measures of glutamate and deviant resting state connectivity between ACC and insula. Demenescu et al., 2017 , extended the view in that also whole brain networks of seed regions within the salience network change their connectivity as a function of local metabolite concentration Specifically it was shown that regional GABA and Glutamate levels differentially affect the extent of the resting state network coherence. Kapogiannis et al., 2013 , further specified differential contribution of local GABA and Glutamate concentrations from the same origin on the extent of resting state network coherence.
The direct link between fMRI BOLD responses and varying GABA concentrations in the same region, as provided by above mentioned studies is crucial to discuss the relationship between abnormal psychological functions and deviant transmitter levels. Moreover, to discuss about functional implication of an altered metabolite concentration another requirement is regional specificity of associations. In the case of the present study, specificity was ascertained for the caudal, i.e. cognitive component of the dACC while GABA levels in the pgACC were not altered. A discussion of the observed specificity in the context of clinical studies remains however difficult: Measures of GABA normally are time consuming, given that specific sequences with e.g. incremental TE modeling or additional editing pulses are required. Therefore, most clinical studies focused on investigating a single region with the lack of control for general effects. The application of ultra-high field strength of 7 T as available for the current study however was able to reduce acquisition times per voxel considerably and therefore provide measures for both ACC subregions within the same measurement. Such protocols have however not been available for most MRS studies in clinical populations such as ADHD. Recent metaanalyses provide evidence for a certain degree of specificity of local GABA changes across different psychiatric diseases. Following GABA levels were reduced in ASD but not ADHD populations (Schur et al., 2016) . It has to be noted however that most studies had to measure GABA in considerably larger voxels with less specificity for underlying neuroanatomical regions. Dou et al., 2013 however demonstrated that such neuroanatomical distinctions are crucial as that underlying receptor fingerprints predict variations of local GABA concentration and a similar account was found for pharmacologically induced changes of metabolites . Therefore, discussion of our findings of locally reduced levels of the inhibitory transmitter GABA may currently better be done in terms of the Fig. 2 . A) Negative correlation between GABA/Cr levels and ADHS-SB scores; B) Significant effects of 'high' and 'low GABA/Cr' groups on ADHS-SB scores in patients. Fig. 3 . A) Negative correlation between GABA/Cr levels and self-control (BIS-11) score; B) Significant effects of 'high' and 'low GABA/Cr' groups on self-control (BIS-11) scores in patients. regional profile of changes across modalities. It is however promising to observe a relationship with the proposed psychological deficit i.e. selfcontrol. Similar observations have been reported for other psychiatric disorders such as depression, where local glutamatergic deficits in the rostral, the affective ACC subdivision, were correlated with levels of anhedonia in the patient group (Walter et al., 2009 ). In the current study accordingly no correlations of the ADHD-SB marker and GABA were found for the healthy control group nor for the pgACC control region.
Limitations
Nevertheless, some important limitations must be mentioned. Small sample size of our study limits the statistical power warranting caution in interpretation. In the field of pedophilia research the recruitment of patients fulfilling the MRI criteria for ultra-high-field 7T MR imaging is complicated. Furthermore, distinction of GABA signal from the overlapping resonant peaks of other metabolites is still technically very challenging and often leads to a reduction of the sample size due to bad spectral quality.
Moreover, it has to be critically acknowledged that five patients were under antiandrogenous pharmacotherapy. Although, we did not find any effect of treatment by comparing GABA/Cr levels between patients with and without anti-androgen therapy, potential confounds of the medication causing an influence on steroid hormone levels cannot be fully ruled out (de Bondt et al., 2015) . Testosterone binds to intracellular androgen receptors and has been suggested to regulate differentiation during development, as well as behavior in the adult brain. Lower testosterone levels have been reported in studies investigating anxiety, depression or impaired cognition and memory (Höfer et al., 2013; Celec et al., 2015) , but the mechanisms of steroid action however still remain unclear. Studies focusing on binding and metabolism found increased androgen-binding affinity in various brain areas such as hypothalamus, amygdala (Clark et al., 1988) , as well as in cingulate cortex (Nuñez et al., 2003) . Furthermore, testosterone treatment was associated with an improved regional glucose metabolism i.e. in the posterior and subgenual anterior cingulate cortex in patients with anorexia nervosa (Castellanos et al., 2008; Miller et al., 2004) (Miller et al., 2004 , indicating these regions are susceptible to exogenous androgen modulation. FMRI studies showed that subjects with increased androgen levels exhibit reduced functional connectivity between brain structures relevant for emotional and cognitive regulation, including anterior cingulate cortex (Westlye et al., 2017) . Hence changes in testosterone levels may also influence sexual arousal (Jordan et al., 2014; Jordan et al., 2011a Jordan et al., , 2011b , behavior and function in connection to ACC substructures.
Therefore, it is of interest to see if GABAergic abnormalities can be found in both medicated and unmedicated patients. Future studies, powered for adequate subgroup analyses, should focus on the treatment effects of the testosterone influencing medication with potential downstream effects on GABA levels.
Additionally, only patients with a history of child sexual offending were included into the study. Therefore, it has to be acknowledged that the results do not reveal the characteristic of pedophilic interest per se. We cannot provide evidence whether the GABAergic deficit is related to the pedophilic interest, the child sexual offending, or both. Since we were not able to control separately for pedophilic interest vs. child sexual offending, it was even more important to include clinical questionnaires such as the Barratt Impulsiveness Scale into our study design. It is well known that patients with a pedophilic disorder differ strongly in their clinical phenotypes. Thus, a differentiated approach must be taken into consideration of these results as they are exclusively related to pedophilic sex offenders. Abnormalities in the anterior cingulate cortex were previously linked to higher risk of re-offending in pedophilic child molesters (Schiffer et al., 2017) . Therefore, we speculate that dACC GABA deficit can only be found in pedophilic patients with a history of child sexual offending. Future studies should however investigate if GABAergic metabolism in the dACC differs in pedophilic patients who can refrain from their sexual drives and are thus in full control of their impulses.
Conclusions
In conclusion, we found a metabolic correlate of inhibition in pedophilic patients with a history of child sexual offending reflected by reduced GABA concentrations in the dACC. Moreover, lower GABA/Cr in patients was correlated with lower self-control and ADHD-like symptom reports. The findings of our study depict necessity and feasibility to investigate the role of metabolites in the brain and to perform tasks including measures of cognitive control and response inhibition in future pedophilic disorder studies.
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